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Chapter 1. INTRODUCTION 
Choice of study 
The "Calcicole - Calcifuge" problem has perplexed 
ecologists for a long time and has stimulated a great deal 
of research. There is today a considerable volume of 
literature on the subject, none of vrtiich is entirely con-
clusive, but the authors have, almost unanimously, urged 
further research into the question particularly by means of 
plant culture under laboratory conditions. The present 
author's interest i n the problem having been stimulated by 
the literature, i t was decided to select a l i t t l e known 
grass species of congjaratively restricted distribution which 
has been defined by many authorities as a "calcicole" and to 
test, by culture experiments, i t s f i d e l i t y to this definition. 
Several people have conducted culture experiments on some of 
the more coraraon grass species of the British Isles (Bradshaw 
et. a l . , 1958, I96O, 1961;; Snaydon and Bradshaw, I96I; James, 
I962J '•Towett, 1959.) but, so far as is known, only one other 
worker, Zlatnik (1928), has made any study of Sesleria 
caerulea. Since this species is locally of some ecological 
importance, i t was considered a worthwhile object for study. 
Taxonomy 
The genus Sesleria, li k e many other plants, has a some-
what involved taxonomic history. The Index Kewensis of 1885 
1 5 F E B 1974 
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l i s t s twelve species belonging to the genus from a l l over the 
world, with many subsequent additions i n the periodic 
Supplements. Also l i s t e d are a confusing number of synonyms. 
Hegi (1909) l i s t s six species for Central Europe, one of 
which is Sesleria caerulea (L.) Ard. (= Cynosurus caeruleus L.), 
common name "Blaugras" or "Blaues Kopfgras". He also l i s t s 
four subspecies or varieties: 
1) subsp. calcarea Celak (= Aira varia Jacq., 
= Sesleria calcaria Opiz, • S. varia Wettstein, 
= S. sadleriana Janka, = Cynosurus rupestris Wiilf.) 
2) var. pseudelongata Murr 
3) var. angustifolian 
h) subsp. uliginosa Celak, (= Sesleria uliginosa Opiz, 
- Cynosurus caeruleus L.) 
The greatest confusion seems to arise from the fact that 
various authors have used a number of names for species, sub-
species or variety denomination at various times. 
Lowe (1865) ascribes the naming of this grass to 
Scopoli, who named the genus after the Ita l i a n botanist Sesler, 
the species name »caerulea' meaning 'blue'. He also points out 
that this species is the equivalent to Cynosunis caeruleus of 
many authors. On this he is i n agreement with Sowerby (c. 1862). 
The most recent authority is Hubbard (I968), vho calls the plant 
under discussion (the only representative of the genus in the 
British Isles) Sesleria caerulea (L.)Ard. subsp. calcarea (Celak) 
Hegi, common name "Blue Sesleria" or "Blue Moor-grass". He 
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concludes his description of this plant with the following 
remarks: 
"Sesleria caerulea has been divided into 
two groups, these being variously treated as 
distinct species, subspecies, or varieties; the 
British plant, mainly of dry calcareous soils, 
being known as S. calcarea Opiz or S. caenilea 
subsp. or var. calcarea, whilst the name S. 
caerulea has been restricted to the Scandinavian 
and E. and Central European grass of wet habi-
tats." 
Distribution 
Sesleria caeiailea is a native of France, I t a l y , 
Germany, Sweden and Iceland, where i t occupies a variety of 
habitats from coastal to high mountain sites but is partic-
Tilarly common on limestone h i l l s and mountains. In the British 
Isles Sesleria i s a plant of marginal grasslands i n the 
northern part of England, i n Scotland and i n Ireland (see Fig. 3). 
In England i t i s found i n counties from Lancashire and Yorkshire 
northwards on limestone soils mainly i n upland areas but also 
i n lowland and coastal sites. In Scotland i t i s found on 
limestone and on mica-schists mainly i n upland areas in Fifeshir^ 
Kinross, Perthshire and Argyll. In Ireland i t is found quite 
widely distributed on the Carboniferous Limestone in the west. 
Chapter 2. THE AIMS AND SCOPE OF THE STUDY 
I t was decided, for a number of reasons, to study two 
populations of Sesleria widely separated both geographically 
and ecologically. One was a lowland population on the 
Magnesian Limestone i n Cassop Vale (grid ref. NZ3i4l383)> 
about five miles to the south-east of Durham city. This site 
l i e s at about 500 f t . O.D., but i n comparison with the other 
site is a lowland, coastal environment. The second population 
studied was i n an arctic-alpine environment on formations of 
the Carboniferous Limestone series i n the Cow Green Reservoir 
site in Upper Teesdale, County Durham (grid ref. NY817295), 
lying at 1,600 f t . O.D. 
The reasons for this choice were partly a question of 
convenience and partly ecological. Cassop Vale is the nearest 
Magnesian Limestone location to Durham where Sesleria grows in 
any quantity. There were no problems of access and, being 
largely waste ground, the site could be visited at any time 
and quantities of plant material and s o i l samples removed 
without d i f f i c u l t y . In Upper Teesdale the Department of Botany 
of Durham University already have a number of research sites as 
part of another study and since the Nature Conservancy exercise 
s t r i c t surveillance over the work done there i t was necessary 
to confine ray own work to within existing l i m i t s . 
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To turn to the ecological aspects of this study, as 
mentioned i n the introduction nearly a l l the references to 
Sesleria caerulea i n the various Floras and other literature 
describe i t as a calcicolous plant of upland limestone areas. 
Hulten's (1950) map shows a marked correlation between the 
plant's distribution and that of "Kalksten" formations i n 
Northwest Europe. Hegi (op. c i t . ) calls his subspecies 
calcarea "a true calcicole". Lowe (op. c i t . ) says that the 
favourite habitat of Sesleria is limestone rocks. 
In the British Isles Sesleria shows a distinct bimodal 
distribution. I t has the bulk of i t s populations on 
calcareous rocks i n the arctic-alpine environment of our 
upland and higher mountain regions but also occurs i n the 
lowlands and at sea level i n a number of classic localities 
(e.g. The Burren and Black Head in Western Ireland) and at 
low altitudes i n Teesdale where a number of arctic-alpine species 
are foTind, as i t were, 'out of place'. Perhaps the most peculiar 
feature of i t s distribution i n Britain is the abundance on out-
crops of Magnesian Limestone on the coastal plain of Durham. 
Again the occurrence of a number of usually montane species 
(Heslop-Harrison, 1953) i n the same area must be borne i n 
mind. 
Two other plants together match i t s distribution f a i r l y 
well in some respects (see Figs. 2 & 3). Dryas octopetala. 
Figures 1, 2 and 3 
Distribution maps of Sesleria caerulea, 
Dryas octopetula and Plantago maritima 
(reproduced from "Atlas of the British Flora") 
/A 
Fig.1 
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an arctic-alpine species, has a veiy similar distribution i n 
Britain but is absent from coastal Durham although i t does 
occupy a few other coastal sites i n spite of the inference 
behind i t s common name, the "Mountain Avens". Plantago 
maritima, bearing i n mind i t s obvious preference for a coastal 
situation, matches Sesleria's inland distribution almost 
exactly. Many examples could also be quoted of supposedly 
calcicole plants that also grow on non-calcareous soils, the 
enigmatic beech tree to name but one. 
Two significant questions therefore pose themselves. 
InJhat factor or factors determine the peculiar distribution 
pattern especially i t s absence from the great tracts of cal-
careous rocks i n the south of England? TOiat are the factors 
making i t so successful i n the few areas that i t does occupy? 
I t s marked preference for the arctic-alpine environment 
immediately suggests intolerance of competition as the factor 
excluding i t from areas with a more temperate climate. 
However, i t s abundance i n certain lowland areas would indicate 
that at least i n these sites some other factor (possibly 
edaphic)could be precluding growth of i t s cQn5)etitors. I f the 
la t t e r is true then tolerance of the particular factor by 
Sesleria must be envisaged. The classic exangjle of such a 
situation is Plantago maritima i n which high salt concentrations 
on the coastal sites are supposed to keep out competitors, and 
a considerable tolerance by P. maritima for high levels of 
sodium has been eaperimentally proved by Chapman (196O). I n 
view of these problems i t was decided t o examine the plant i n 
the l i g h t of the following three questions: Is i t a Galcicole? 
Does i t have a wide edaphic tolerance? How does i t s per-
formance conipare i n the d i f f e r e n t environments? Taking the 
i n i t i a l hypothesis that climate i s the major factor i n the 
arctic-alpine population and some edaphic factor i n the lowland 
population, t h i s was tested by dividing the study i n t o two 
main branches, ( l ) The edaphic tolerances and nutrient 
dynamics of the plants were examined by culture experiments. 
(2) The performance of the plant i n the f i e l d was measured by 
regular cropping and study of i t s nutrient dynamics. The 
experiments x^ rere conducted i n as open-minded a manner as possible 
since, i n view of the c o n f l i c t i n g nature of the evidence, the 
hypothesis vnder examination was at best a nebulous one. I t 
was hoped, therefore, that the scope of the study catered 
f o r as many eventualities as possible. 
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Chapter 3. METHODS 
Culture Techniques 
I t was unfortTinate that the only available place i n which 
t o lay out the culture experiments was a hot-house i n which 
were growing a magnificent collection of t r o p i c a l flowering 
plants. This controlled environment glass house, or "Phytotron", 
was used by J. P. Rieley (196?) f o r his culture experiments on 
Car ex spp. before the introduction of the t r o p i c a l plants, and 
i s equipped xjith thermostatic and l^g r o s t a t i c apparatus as well 
as mercury vapovir lamps with time-switches. For the present 
experiments the lamps were not used and the plants therefore 
experienced natural hours of daylight. Unfortunately, the 
plants also had t o be subjected t o temperatures which seldom 
f e l l below 70°F and on occasions rose t o over 100*^ while the 
Relative Humidity remained constantly high. As mentioned 
e a r l i e r , some of the plants i n the e^eriment were from an 
arctic-alpine environment. That they survived at s i l l under 
such extremely t r o p i c a l conditions i s i n i t s e l f s t a r t l i n g 
evidence of the tremendous hardiness of t h i s species of grass. 
A modified Long Ashton sand and water culture technique 
was used (Hewitt, 1952), with s i l v e r sand i n plast i c 3 inch and 
3^ inch plant pots placed inside ordinary, household, rectangular 
polythene bowls. The use of pla s t i c pots and polythene bowls was 
larg e l y a matter of convenience as a p l e n t i f u l supply of these 
a r t i c l e s was l e f t from Rieley's work. Hewitt ( i b i d . p. 173) 
warns of the danger of contaminants i n p l a s t i c pots i n the 
form of toxic p l a s t i c i s i n g con?)ounds which can seriously 
jeopardise the success of plant seedlings. I t was f e l t that 
t h i s danger was not s i g n i f i c a n t when the i n i t i a l material con-
sisted of t i l l e r s of vigorous, mature plants. The only r e a l 
alternative was t o use clay plant pots coated with bitumen t o 
render them watertight and chemically i n e r t (Hewitt, i b i d . ,^172; 
Bradshaw, 1958), but t h i s would have been expensive and time-
consuming so, although i t i s a bad s c i e n t i f i c axiom i n the 
normal way, absolute safety was sacrificed f o r expediency. 
Sand was selected as the plant sub-strate f o r a number 
of reasons. Rieley (op. c i t . ) used polythene chips and to 
prevent the development of algae he covered the pots and bowls 
with black polythene sheeting, the plants being inserted through 
small holes i n t h i s . However, the present author found that, 
because polythene chips f l o a t i n water, the whole substrate 
tended t o assume the s t a b i l i t y characteristics of a f l o a t i n g 
mire. Furthermore, i n view of the number of plants being grown 
i t was f e l t that t h i s method of preventing algal development 
was too d i f f i c u l t and i t would be easier merely to scrape o f f 
the top layer of sand with the algae from time t o time and re-
place i t with fresh, clean sand. A straightforward water 
culture method was ruled out because of the amount of extra 
equipment needed t o aerate the water and, again, because of the 
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d i f f i c u l t y of securing so many plants i n the medium. Zlatnik 
(op. c i t . p.20), who was working with fewer plants at a time, 
successfully used water culture, securing the plants and ex-
cluding the l i g h t from the culture medium (thus preventing 
alga l development) by wedgeing them with cotton wool i n holes 
i n a l i n o cover. I n the present experiment the excessive 
build-up of algae i n the culture solutions was prevented by 
washing the bowls out and renewing the solution every f o r t n i g h t . 
The pots and polythene bowls were a l l thoroughly washed 
and scrubbed i n hot water to render them physically 'clean' 
and then thoroughly rinsed i n d i s t i l l e d water to remove a l l 
traces of chemical contaminants. The sand was likewise washed 
with d i s t i l l e d water and packed i n t o the pots. Because the 
sand was so f i n e i t was feared that i t might leak out through 
the small drainage holes i n the bottom of the pots. To prevent 
t h i s the bottom of each pot was f i r s t l i n e d with a quarter 
inch deep layer of polythene chips. The pots were numbered and 
arranged i n the bowls which were labelled according t o the 
treatment, one bowl per treatment. I t was possible to f i t nine 
of the smaller or s i x of the larger pots i n each bowl, which 
measured 13 ins. x 10 ins. x $ ins. 
The plants f o r the culture experiments were collected 
from the two f i e l d sites and taken back t o the laboratory f o r 
preparation. In the case of Cass op Vale large t u r f s were dug 
up and removed, but i n Upper Teesdale t h i s was not possiHe as 
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i t would have disturbed the ground too much and the plants were 
more scattered here than i n Cassop, where they fonn a s o l i d 
carpet. I t was therefore necessary to up-root the plants 
i n d i v i d u a l l y and with great care. I n the laboratory individual 
healthy plants of as near a uniform size as possible were 
separated from, the t u r f along with t h e i r roots. I n t h i s process 
some d i f f i c u l t y was experienced, i n dealing with a t u f t e d plant 
l i k e Sesleria, i n deciding what constituted an individual plant. 
Zlatnik (op. c i t . p.19) had the same d i f f i c u l t y . The dead, 
outer leaves and sheath were then stripped o f f and any other 
dead material cut o f f . I n the case of the Cassop Vale plants 
the leaves were then cut to a standard maximum length of i; cm. 
from the c o l l a r , an action viiich, i t l a t e r transpired, was a 
bad mistake as i t adversely affected the success of the plant. 
The roots were likewise clipped t o a f a i r l y uniform, though not 
precise, length. The prepared t i l l e r s were washed i n d i s t i l l e d 
water (special care being taken t o remove a l l traces of s o i l 
p a rticles from the roots), dried on f i l t e r paper and weighed. 
The plants were numbered and t h e i r weights recorded before they 
were planted i n the sand. This was accomplished by gripping 
the t i p of the root-stock i n a pair of forceps and forcing i t 
gently i n t o the sand u n t i l the node at the base of the culm was 
ju s t covered. 
I t was f e l t that t h i r t y plants per treatment was an adequate 
nvimber f o r the subsequent s t a t i s t i c a l treatment of the results so. 
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i n order t o allow a margin f o r plants that might die or f a i l 
t o establish themselves, 36 plants per treatment was set t l e d 
on. This meant that there were s i x plants per pot i n the 
large ones ( s i x pots per bowl) and four plants per pot i n the 
small ones (nine pots per bowl). A l l the Cassop plants were 
i n large pots and a l l the Teesdale plants i n small pots. With 
a l l the treatments established (see below) t h i s gave a grand 
t o t a l of 27 bowls and 972 plants. The Cassop plants, which 
were set up f i r s t ( i n the f i r s t week of March), were scattered 
randomly i n the pots and labelled with small cardboard tags 
stapled round the culm. This method of l a b e l l i n g proved a 
f a i l u r e as, i f the labels came i n contact with the wet sand 
they started t o r o t . I t was then necessary to make a plan of 
each pot, marking the position of the numbered plants i n them. 
Mien the Teesdale cultures were started at the beginning of 
May the plants were arranged round the pots i n such a way that 
t h e i r numbers could be marked on the edge of the pots (see 
Fig. i ; ) . The treatments were labelled alphabetically f o r con-
venience so that i n the end every individual plant had a code 
number compounded of i t s number i n the pot, the pot number, 
the treatment code l e t t e r and whether i t was from Cassop Vale 
or Upper Teesdale. Thus, f o r example, CV/3/5/HB was the t h i r d 
plant i n pot number f i v e of the high magnesium treatment of 
Cassop Vale stock. 
Figure h 
Layout of cultures 
(figures denote numbered plants) 
Fig. 4 
Cassop Vale 
Upper Teesdale 
W W W 
2 4j (3 1W3 1 
. 0 0 0 
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The choice of treatments was a d i f f i c u l t one. Ideally, 
of course, t o t e s t the response of a plant t o any one element 
i n a culture solution one should grow i t i n a series of d i f f e r e n t 
concentrations. However, because i t was intended t o t e s t the 
response of Sesleria to a number of d i f f e r e n t nutrient elements, 
such experimental d e t a i l would have involved space, equipment 
and time i n quantities that were simply not available. I t was 
therefore necessary t o simplify the e25)eriment t o a high and a 
low concentration of each element t o be examined. I n a l l except 
one case (see below) the low treatment merely involved the 
omission from the solution of the element concerned. 
In the l i g h t of the introductory remarks of the f i r s t 
two chapters i t was obligatory to t e s t the plant's response t o 
high and low levels of calcium and magnesium. To examine the 
possible effects of f e r t i l i z e r applications i n the f i e l d the 
Cassop Vale plants were also tested f o r response t o high and 
low levels of n i t r a t e and phosphate. I t had been reported by 
other workers i n Upper Teesdale that Sesleria had been found 
growing on the s p o i l heaps of old lead mines. This immediately 
suggested the p o s s i b i l i t y of edaphic ecotypes of Sesleria 
possessing a genetically evolved tolerance to otherwise toxic 
levels of lead and zinc i n the s o i l . This phenomenon i n other 
grass species has been the subject of a considerable amount of 
research (Bradshaw, 19B2; Gregory and Bradshaw, 1965j Jowett, 
19^8, 1959, 196iij ¥ i ^ s , 1957, 1960.) ( f o r discussion of t h i s 
problem see chapter 6.) 
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Interesting p o s s i b i l i t i e s were suggested by further 
research along these lines so the cxilture experiments were 
expanded t o include high and low treatments of lead and zinc 
on both Cassop Vale and Upper Teesdale plants as well as a 
secondary population of plants collected from one of the lead 
s p o i l heaps i n Upper Teesdale ( t h i s s i t e being hereafter 
referred t o as the "Rowan Tree Site" a f t e r the fact that a 
s o l i t a r y tree of t h i s species grew nearby). This part of the 
project was not the success that i t might have been as, to 
the authors's intense chagrin, when the culture plants from 
the Rowan Tree s i t e came i n t o flower a few weeks aft e r planting, 
they turned out not t o be Sesleria caerulea at a l l but a species 
of Poa, probably P. pratensis. I t i s f e l t that t h i s mistake 
was not e n t i r e l y unforgivable as the two species are very hard 
t o distinguish i n the f i e l d by vegetative characteristics alone, 
especially when, as was the case, the specimens are very small. 
Similar taxonomic d i f f i c u l t i e s have been experienced by other 
workers i n Upper Teesdale. I t was decided, nevertheless, t o 
continue with t h i s part of the experiment and t o attempt t o 
incorporate the Poa plants i n t o the work i n some way. 
The Cultixre Solution 
The solution used was a modified Long Ashton solution 
(Hevritt, op. c i t . p. 189) based on that used by Rieley {op. 
c i t . ) . The basic solution (see Tables I & I I ) contained a l l 
the essential elements f o r plant growth i n the quantities shown 
Table I . Composition of Culture solutions 
Basic solution - control 
s a l t 
KNO-^  
Na/HPOi^.7H20 
Mg'^ SO|^ .7H20 
Ferric c i t r a t e 
MnS0|^ .l4H20 
CuSOii.5H20 
ZnS0|^ .7H20 
H^ BOo 
(N%)^Mo702|,ii4H20 
CaCl2.6H20 
weight concentra-
added. t i o n . 
(gms.) (mg./gm.) 
0.12928 103.1|2ii 
0.ii093ii 327.1^ 752 
0.23616 188.928 
0.01528 12.230ii 
0.00285 2.278U 
0.000307 0.2ii58 
0.000371 0.2969 
0.002381 1.90i;6 
0.0000i;5 0.0358 
0.105120 81^ .096 
The treatments - additions and alterations 
Treatment Salt weight added. concentration (mg./gm.) 
+Ca CaCl2.6H20 
-Ca omit CaCl2 
MgCl2.6H20 
-Mg omit MgSOi^  
4N03 NaN03 
-NO3 omit KNO3 
KCl 
+F0}^ Na2HP0^.7H20 
-POi^  omit Na2HP0]^ 
+Pb PbCl2 
-Pb PbCl2 
+Zn ZnSO|^ .7H20 
-Zn omit ZnSOj^  
1.0862ii 
1.08621; 
0.300576 
0.20038ii 
1.637376 
0.0372 
0.000372 
0.1ii38ii 
868.992 
868.992 
2i;0.i;608 
160.3072 
1309.9008 
29.76 
0.2976 
115.072 
Table I I . Concentrations of essential ions 
in Culture solutions 
Basic solution - control 
ion mg./gm. 
Ca 15.38439 
Mg 18.63987 
Na 28.08378 
K 39.9991 
^ 3 63.43339 
116.01 
B 0.33325 
Fe 2.03883 
0.56131 
Cu 0.06254 
Zn 0.06752 
Mo 0.00028 
The Treatments 
Treatment ion rag./gra. 
•»Ca 
-NO, 
+Pb 
-Fb 
Ca 
Mg 
K 
Pb 
Pb 
Zn 
158.9721 
122.5787 
238.7334 
84.0779 
464.05 
22.1723 
0.0222 
26.1629 
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and was used i n i t s unaltered form f o r the control cultures. 
There were three sets of controls with 36 plants i n each, 
two of Cassop Vale plants and one of Upper Teesdale plants. 
I n preparing the solution f o r most of the other treatments i t 
was simply a question of increasing the quantity of the 
relevant s a l t i n high treatments or omitting i t from low t r e a t -
ments. However, i n the high magnesium treatment MgCl2 was 
added t o the existing quantity of MgSOj^  and both were omitted 
from the low treatment. I n the high n i t r a t e treatment NaN03 was 
added t o the existing quantity of KNO3 i n order t o avoid i n -
creasing the quantity of potassium. I n the low n i t r a t e t r e a t -
ment KNO3 was omitted and KCl was substituted to replace the 
l o s t potassium. I n the high lead treatment a considerable 
quantity of PbClg was added t o the basic solution and a much 
smaller amount was put i n the low treatment since i t s t o t a l 
omission would merely duplicate the control conditions. 
The solutions were made up i n the following manner: each 
s a l t was weighed out i n turn to an accuracy of a hundred-
thousandth of a gram, dissolved i n d i s t i l l e d water and made up 
t o volume before storing i n volumetric flasks. Fourteen 
burettes were set up on a lab. scaffolding frame, one f o r each 
of the constituent s a l t solutions. These were f i l l e d i n the 
same sequence as that i n which the salts are l i s t e d i n Table I 
so that i n making up each treatment the correct quantities of 
solutions could be rapidly run o f f i n series i n t o a conical flask. 
- 16 -
The solution mixture was then made up to 1.25 l i t r e s with 
d i s t i l l e d water and poured i n t o the bowls. This volume was 
maintained i n the bowls by topping up with d i s t i l l e d water 
to replace the loss by evaporation. 
The culture solutions were a l l maintained at pH 7 or 
j u s t above, so that the reaction was neutral or s l i g h t l y 
alkaline but never acid, by adding small quantities of 
sodium hydroxide or hydrochloric acid. Sodium hydroxide was 
always added i n making up the high and low calcium and low 
phosphate treatments because these were known to be acid i n 
reaction. On addition of NaOH small quantities of a white 
precipitate appeared, the significance of which was not imm-
ediately appreciated. Further research i n t o the l i t e r a t u r e 
e l i c i t t e d the information that Zlatnik (op. c i t . p.20) 
e:5q)erienced the same phenomenon and he i d e n t i f i e d i t as an 
insoluble precipitate of CaS0|^ . He mentions that Tottingham 
(I91ii) had the same trouble although Olsen (1923), used 
the same technique as Zlatnik, makes no mention of the pre-
c i p i t a t e . Zlatnik's plants i n the cultures to which NaOH had 
been added soon showed signs of chlorosis and most of them 
died long before the ejqjeriments were concluded. Olsen a t t r i -
buted the death of his plants to an excess of OH ions. However, 
as Zlatnik points out, the p r e c i p i t a t i o n of CaSO^ ^ must 
seriously reduce the amounts of calcium available t o the plants. 
As a r e s T i l t of t h i s Zlatnik, who was concerned with the 
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perfoiroance of Sesleria spp. over a range of pH's, was 
unable t o complete his experiments i n the alkaline reaction 
range. Hewitt (pp. c i t . ) discusses the regulation of pH i n 
plant culture solutions i n some d e t a i l . The significance of 
t h i s problem i n the present study idJLl be discussed further 
i n a l a t e r chapter. 
The f i n a l volume of culture solution (1.25 l i t r e s per 
treatment) was decided upon a f t e r the e2q)eriment had been i n 
progress f o r about three weeks. At f i r s t 2.5 l i t r e s were used. 
This volume meant that the l e v e l of solution i n the bowls was 
almost up t o the surface l e v e l of the sand i n the pots. This 
caused an undesirable waterlogging effect and i t was decided 
t o reduce the depth of solution to about two inches by cutting 
the volume by h a l f . The ca p i l l a r y effect of the sand was 
such that a l l the sand i n the pot was kept moist. In retrospect 
i t i s f e l t that even t h i s i s too wet a condition f o r plants 
used t o dry habitats and f o r future workers i n t h i s f i e l d i t i s 
recommended that either a r t i f i c i a l aeration of the solution i s 
provided or that another technique altogether (such sis periodic 
watering of the plants with the solution) i s used. 
Fi e l d Studies 
I n the f i e l d the study sites were described and i n v e s t i -
gations made of t h e i r phytosociology. Soil samples were 
collected and taken back t o the laboratory f o r analysis. The 
main f i e l d work, however, involved the i n i t i a l collection of 
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plants f o r the culture experiments (see f i r s t section of t h i s 
chapter) and f o r anatranical studies (see chapter k), followed 
by the collecti o n of crops at regular intervals of about 
four weeks. Cassop Vale could be v i s i t e d whenever necessary 
but i t was not possible t o make perfectly regular v i s i t s to 
Teesdale as t h i s depended on the a v a i l a b i l i t y of transport. 
The f i r s t f i e l d crops were taken at the same time as the 
culture experiments were started so that the analyses would 
supply comparative data f o r the plants before and after culture 
treatment. For these f i r s t crops both above ground and below 
ground parts were collected but f o r a l l subsequent crops only 
a e r i a l parts were collected. T h i r t y plants were cut of f at 
the base of the culm and taken back t o the laboratory. The 
greatest d i f f i c u l t y was i n ensuring a perfect randomness of 
san5)le. Inevitabl6[ a certain element of s u b j e c t i v i t y was sub-
consciously allowed t o creep i n . Perfectly random sampling i s 
we l l nigh impossible when one i s collecting individuals rather 
than cropping a l l the plants with i n a randomly selected quadrat. 
A l l the plants were stripped of dead material and weighed 
in d i v i d u a l l y , numbered and dried t o constant weight i n an oven 
at 105°C before being weighed again t o obtain dry weights and 
water loss. A 'crop' therefore represented the green biomass 
of t h i r t y plants at any one time. Means and Standard Deviations 
were calculated f o r fresh weight, dry weight and percentage 
water content. Each crop was then stored f o r subsequent mineral 
analysis. 
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Analysis 
Mineral anal3^es and other laboratory studies were made 
of the s o i l samples, the plants collected i n the f i e l d and, 
at the end of the cTilture ejqperiments, of the culture plants. 
The f i n a l set of culture solutions at the end of two weeks 
use were also kept f o r analysis, 
a) Pedological studies 
Four sets of s o i l samples, from Cassop Vale, frm. two 
locations on the Upper Teesdale s i t e , and from the Rowan Tree 
s i t e respectively, were collected and spread out on newspaper 
i n the laboratory t o dry f o r about a week. The air - d r i e d s o i l 
was then passed through a 2 ram. sieve to obtain a more uniform 
and smaller p a r t i c l e size. 10 gms. of each sample were then 
weighed out i n t o porcelain crucibles and oven dried t o constant 
weight at 105°C. The weight loss represented the weight of 
water i n ai r - d r y s o i l excluding, that i s , chemically combined 
water and small amounts of water bound up i n the humus and 
c o l l o i d a l complexes. The rest of the air-dry s o i l was kept 
f o r mineral analysis and pH measurements. The l a t t e r were 
performed on an E.I.L. model 23A glass electrode Direct 
Reading pH Meter, the s o i l having f i r s t been wetted with dis-
t i l l e d water t o a thi c k muddy consistancy. 
Determinations of the organic matter content of the s o i l 
were made by the Peroxide Method. 10 gms. of each ai r - d r i e d 
sample were weighed out and placed i n t a l l 500 ml. beakers. 
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To the s o i l was added 0^ ml. of 100 v o l . strength hydrogen 
peroxide. The mixture was allowed t o stand f o r f i v e minutes 
then gently warmed on a sand bath i n the fume cupboard and 
s t i r r e d continuously u n t i l the evolution of oxygen ceased. A 
further 50 ml. of H2O2 was added and heated u n t i l f r othing 
almost ceased. The samples were then allowed t o cool before 
adding 20 ml. of 2N HCl (or more i f necessary) t o remove 
carbonates. When the acid reaction was completed the s o i l 
suspensions were f i l t e r e d through a weighed Whatman No. 1 
f i l t e r paper and washed thoroughly with d i s t i l l e d water t o 
remove a l l traces of acid and peroxide. The f i l t e r papers 
plus mineral s o i l were then placed i n the oven at 80°C to dry. 
They were then removed and allowed t o cool before weighing. 
The new weight, a f t e r subtraction of the f i l t e r paper weight, 
was subtracted from the o r i g i n a l 10 gms. to obtain the weight 
of organic matter and expressed as a percentage. 
To extract the exchangeable cations 2.5 gms. of a i r -
dried s o i l were leached with 250 ml. of N. ammonium acetate 
solution. The s o i l was placed i n extraction thimbles inside 
separation tubes set up on a frame. To the bottom of these 
were attached, by means of short pieces of polythene tubing, 
S - tubes with a small hole i n the top bend of each t o prevent 
the extract from syphoning o f f . The ends of the S - tubes were 
inserted i n the necks of 250 ml. volumetric flasks i n which 
the extracts were collected. The ammonium acetate solution was 
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supplied from 2^ 0 ml. conical flasks by means of inverted 
U - tubes inserted through rubber stoppers. The syphoning 
rate was adjusted to 1-3 mis ./minute by means of screw ctoips 
on polythene tubes f i t t e d t o the outer end of the U - tubes, 
(see Fig. $ f o r design of apparatus). This apparatus was 
used i n preference t o that used by Rieley (qp, c i t . ) and 
others because the thimbles were more e f f i c i e n t f i l t r a n t s than 
glass wool and there was no danger of s o i l particles escaping 
i n the f i l t r a t e , thus obviating the necessity f o r subsequent 
f i l t r a t i o n . 
b) F i e l d £laiit studies 
A careful anatomical study was made of plants from both 
f i e l d s i t e s . Although t h i s would seem t o bear l i t t l e r e l a t i o n 
t o ecology, indeed i t i s a l i n e of investigation which few 
people seem t o have pursued, i t was f e l t that i t might shed 
some l i g h t on possible ecotype differences. Transverse sections 
of fresh leaves were cut by hand and on a freeze-microtcme and 
prepared i n the usual way. Safranin s t a i n was used t o highlight 
c e l l s t r u c t u r a l components, especially sclerenchyma, and the 
mounted slides were examined on a Watson "Microsystem - 70" 
microscope. 
Measurements of the c a l o r i f i c value of plants from Cassop 
and Teesdale were made and separate estimates made of leaves, 
stems and flowers on a Gallenkanip Adiabatic Bomb Calorimeter. 
The bomb was f i r s t calibrated xri.th benzoic acid, which has a 
Figure 5 
Soil extraction apparatus 
Fig. 5 
2 5 0 ml. conical 
f lask 
ammonium 
acetate 
•screw clamp 
separation tube 
extraction thimbl,e 
soil 
i 
glass rod 
I 
'I' to volumetric 
flasK 
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known c a l o r i f i c value, and then as many samples were bombed 
as there was material available. There i s l i t t l e point i n 
giving details of bomb calorimetry here as t h i s was not an 
important part of the study and was done merely to establish 
whether there was any si g n i f i c a n t difference i n c o l o r i f i c 
value between plants of the two pop-ulations. 
The main bulk of the work consisted of the preparation 
of plant digests f o r mineral analysis. The method used was 
that described by Jefferies and W i l l i s (I96ii), with minor 
variations. The dried plant material xiras milled i n an "Apex" 
cutter m i l l , weighed and transferred to conical flasks. No 
allowance was made f o r the p o s s i b i l i t y of contamination of 
samples i n the m i l l but the most stringent precautions were 
taken i n cleaning the m i l l with a small brush and j e t of com-
pressed a i r between each m i l l i n g operation. To each fl a s k was 
added a digesting mixture of 20 ml. cone, n i t r i c acid, 5 ml. 
cone, hydrochloric acid and 5 nil. of SQ% W/V perchloric acid. 
This was then heated on a sand bath i n the fume cupboard and 
boiled u n t i l only a l i t t l e perchlorate was l e f t . I f , at the 
end of t h i s process, some plant material remained undigested, 
a further 20 ml. of HNO-j was added and boiled again. The digest 
was then allowed t o cool and about 200 ml. of d i s t i l l e d water 
was added before f i l t e r i n g through a Irilhatman No. 1 f i l t e r paper 
to remove s i l i c a . The f i l t r a t e s were made up to 250 ml. with 
d i s t i l l e d water and stored i n labelled polythene bottles i n the 
cold room. 
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c) Culture Elant studies 
The culture plants were treated i n much the same way as 
the f i e l d plants. Leaves from plants i n the control cultures 
were selected f o r anatomical studies t o establish whether there 
had been any changes i n c e l l u l a r stnicture and d i s t r i b u t i o n as 
a resul t of being grown i n the phytotron under controlled con-
ditions . 
When the culture experiments were terminated the plants 
were removed from the pots, washed i n d i s t i l l e d water t o remove 
a l l sand particles and traces of culture solution and the 
roots separated from the shoots ( i n the case of Cassop plants) 
before weighing. Fresh and dry weights were again measured. 
I n the case of Teesdale plants the weight of the whole plant 
had t o be taken because i t was found to be too d i f f i c u l t t o 
separate the roots without losing some of the leaves. These 
were, however, separated from the dry plants before digestion 
and analysis. The digests were prepared i n the same way as 
f o r the f i e l d plants. I n most cases separate digests were pre-
pared of shoots and roots but i n some cases there was i n s u f f i c i e n t 
material f o r t h i s so shoots and roots had t o be mixed and digested 
together. This should be borne i n mind when reviewing the results. 
d) Mineral analysis 
A l l the samples (plant digests, s o i l extracts and f i n a l 
cultxire solutions) were analysed f o r calcium, magnesium, sodium 
and potassium. I t was o r i g i n a l l y intended t o analyse f o r zinc 
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and phosphate as well,but i n the case of the former the 
necessary a u x i l l i a r y equipment was not immediately available 
and i n the case of the l a t t e r there was i n s u f f i c i e n t plant 
material f o r the duplicate preparations that xfere required. 
Calcium and magnesium were analysed by atomic absorption 
spectrophotometry ( f o r discussion of t h i s technique see David, 
1958, 1959; Allen, 1958) on an EEL Atomic Absorption Spectro-
photometer. Sodium and potassium were analysed by flame 
photonetry using an EEL Model 'A» Flame Photometer. The 
princ i p l e of atomic absorption spectrophotometry i s as follows: 
the solution being tested i s atomised and delivered i n t o a 
stream of a i r . I t mixes with the acetylene gas f u e l and when 
the mixture bums free atoms are formed. Pulsed l i g h t from 
a hollow cathode lamp, emitting the spectrum of the element 
to be determined, i s passed through the flame and i n t o a mono-
chromator. The change i n absorption at a particular wavelength 
i s detected e l e c t r o n i c a l l y and recorded. This change i s caused 
by the presence of free atoms, so the degree of absorption i s 
generally proportional t o the number of atoms present. This 
technique was used i n preference t o ion-exchange chromatography 
because Rieley (op. c i t . ) t r i e d both and found the former quicker, 
easier and more e f f i c i e n t . 
100 p.p.m. stock solutions of CaCO^  and MgCl2 were prepared 
using analytical grade s a l t s . CaCO^  was used instead of CaCl2 
because of the extremely hygroscopic nature of the l a t t e r . 
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Calibration curves were constructed from series dilutions of 
the stock solutions. The extracts were then run through the 
machine, f i r s t f o r calcium and then f o r magnesium analysis. 
The scale readings were read o f f on the calibration curves i n 
parts per m i l l i o n and converted to milligrams per gram of plant 
material or of s o i l or culture solution accordingly. 
The Flame Photometer works on the p r i n c i p a l that certain 
ions colour a gas flame. The degree of coloration i s sensed 
by a photo-electric c e l l and converted t o a scale reading by 
a galvanometer. By inser t i n g a f i l t e r which cuts out a l l except 
the l i g h t emitted by the element i n question the concentrations 
of the element can be measured. 100 p.p.m. stock solutions of 
NaCl and KCl were prepared and cali b r a t i o n curves constructed 
i n the same manner as before. 
There are many errors inherent i n these techniques, 
la r g e l y due t o interference between d i f f e r e n t elements. Some 
of these can be largely corrected f o r but perfect accuracy can 
only be ensured by a great deal of chemical 'manipulation'. 
As we are concerned here with con5)arative values i t was f e l t 
that the degree of precision was not so important and that the 
s l i g h t improvement of results obtainable by a great deal more 
work would not j u s t i f y the time involved. I t should also be 
noted that half a gram i s the minimum quantity of digested 
plant material regarded as s u f f i c i e n t to give acceptable results. 
I n some cases t h i s minimum was not available and the analyses 
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were therefore omitted. I n other cases the results of 
s l i g h t l y sub-minimal quantities have been included but should 
be regarded with seme suspicion. 
Plate 1 
General view of Cassop Vale study s i t e . 
Plate 2 
Close-up of study s i t e . 
Plate 3 
Sesleria growing on Magnesian Limestone. 
Note dense tussocks. 
6 inch r u l e r f o r scale. 
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Chapter i;. RESUIffS OF FIELD STUDIES 
Site Descriptions 
The Cassop Vale s i t e was located i n an old limestone 
quarry (see Plate l ) . Sesleria grew i n profusion on ledges 
on the quarry face and on the steeply sloping ground above 
the quarry. These sites were very well drained and the s o i l 
was a t y p i c a l l i g h t , f r i a b l e lijnestone s o i l , seldom more than 
nine inches deep and usually less than s i x inches. Because 
of the northerly aspect of the s i t e the plants received less 
sun than they might otherwise have done and the s o i l was 
probably s l i g h t l y damper and cooler than i n a similar situation 
with a southerly aspect. 
The climatic data f o r Durham can be applied to Cassop 
Vale as they are not f a r apart and the difference i n height 
i s i n s i g n i f i c a n t . A comparison of Figs. 6(a) and 7(a) Tndll 
show that there was an unusually high r a i n f a l l i n July of t h i s 
year and a peak i n February while the January precipitation 
was lower than average. The February tenqjerature f e l l t o 
3ii.3°F instead of the average of 38.1°F and the highest mean 
temperature came i n June instead of Jvly. The diagram f o r 
1967 (Fig. 6(b)) has been included as the previous year's 
weather conditions are bound t o have some effect on the per-
formance of the plant i n the following season. 
Figures 6 and 7 
Climate diagrams 
( a f t e r Bellamy and Holland, 1966) 
Note: Horizontal l i n e indicates li2.8 F -
minimum tengjerattire f o r vegetative 
growth; number of days with mean 
temperature above t h i s ( i . e . length 
of growing season) i s indicated. 
Fig. 6(a) (b) 
Durham 1967 
Durham 30 year average 
inches 
J F M A M J J A S O N D J F M A M J J A S O N D 
Fig. 7(a) 
Durham 1968 
(b) 
Widdy Bank Fell. 1968. .. 
32 -4 • I I I I 
J F M A M J J 
N 
. 6 
J F M A M J 
1 — r — I — r — ' — ' — r 
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From a very quick phytosociological survey i t was 
found that four other grasses were growing i n association 
with Sesleria. Agrostis canina was the most common, but 
Anthoxanthum bdoratum and Dactylis glomerata also occurred 
and there were a few plants of Briza media. Other plants 
present on the s i t e included Leontodon hispidus, Centaurea 
nigra (ssp. nemoralis?). Campanula r o t u n d i f o l i a , the orchid 
Gymnadenia conopsea, Pimpinella saxifraga, Plantago lanceolata. 
Thymus)!' serptiyllum agg., Carex flacca, C. caryophyllea, and 
a species of the genus Petasites. Several of these have been 
described as plants of calcareous s o i l s . 
The Teesdale s i t e was on the sloping valley sides of a 
small sike which ran down to j o i n the River Tees on i t s l e f t 
bank. Sesleria was found on both north and south-facing slopes 
but was most common on the south-facing side lidiere i t grew on 
the steeper parts and i n t u f t s at the edge of exposed rock 
surfaces. At best some s i x inches of dark reddish brown s o i l 
had developed but i n seme places the plants seemed t o be 
growing straight out of the weathered g r i t of sugar limestone 
on bare rock with a 'humus sand' skeletal s o i l . As i n Cassop 
Vale, these sites were well drained and the fact that Sesleria 
avoided the damper lower slopes and the marshy valley f l o o r 
(the vegetation of which was dominated by Carex spp.) reinforces 
the impression of t h i s plant's p a r t i a l i t y f o r dry habitats. 
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The meteorological station on Widdy Bank F e l l had only 
been operating f o r seven months so there are no long term 
data f o r Upper Teesdale. However, Fig. 7(b) bears out the 
s t a r t l i n g difference i n climatic conditions between Upper 
Teesdale and Cassop Vale. Mean temperatures remained below 
freezing point f o r the f i r s t two and a h a l f months of the year 
and did not r i s e above li2.8°F (the theoretical s t a r t i n g point 
f o r vegetative growth) u n t i l May, and i t seems l i k e l y that 
they w i l l f a l l below t h i s point again before October, giving 
the plants a very much reduced growing season. While tem-
peratures were low p r e c i p i t a t i o n was very high, with a 
maxiimjm of 12.7 inches of r a i n i n March and two or three 
inches more than Durham i n other months. The snoxiifall i n winter 
i s considerable and may l i e i n sheltered places as l a t e as March. 
The vegetation of a t y p i c a l metre quadrat i n the Sesleria 
l o c a l i t i e s usually included the following species: 
Festuca ovina. Minuartia vema. 
Thymus drucei. Campanula ro t u n d i f o l i a . 
Carex caryophyllea. Tortella tortuosa. 
C. c a p i l l a r i s . Dryas octopetal^a. 
Koeleria g r a c i l i s . 
Festuca ovina i n partic\ilar grew i n tussocks closely mixed 
with Sesleria while the other species occupied the intervening 
spaces. 
So i l analyses 
Table I I I shows the results of the laboratory studies of 
the four s o i l samples. Sample number 1 i s from Cassop Vale, 
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2 i s from the better developed s o i l i n Upper i.Teesdale, 3 i s 
the skeletal sugar limestone s o i l of Upper Teesdale and h i s 
from the Rowan Tree s i t e . Ignoring sample h f o r the moment 
i t can be seen that the Cassop Vale s o i l has both the highest 
water content and the highest percentage of organic matter. 
A high water content i s i n i t s e l f p a r t l y indicative of a huimis-
r i c h s o i l but i s rather more an indication of a high proportion 
of the clay f r a c t i o n i n the s o i l p a r t i c l e size d i s t r i b u t i o n . 
This i s borne out by saii^jle 3 which has the lowest water content 
but, next to Cassop, the highest organic matter content. However, 
t h i s organic matter was composed almost e n t i r e l y of the p a r t l y 
decomposed roots of grass rather than true humus. Sample k, from 
the Rowan Tree s i t e , was a very clayey s o i l . This fact i s re-
f l e c t e d i n the high percentage water content, which was higher 
than the other three although the percentage of organic matter 
was d i s t i n c t l y lower. This was a true 'mineral' s o i l . The 
reaction of the s o i l i n a l l cases was s l i g h t l y alkaline. The 
difference between the highest figure (pH 7.7 i n samples 3 and 
h) and the lowest (pH 7.5 i n sangjle 1) i s not regarded as 
s i g n i f i c a n t . 
M i i l e examining the mineral analyses of these soils i t 
should be pointed out that control extractions were run through 
the clean glassware of each sample extraction apparatus to 
determine the quantities of contaminants. The actual analyses 
presented i n the table have been corrected accordingly so the 
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controls are not shown. 
The Teesdale s o i l (sample 2) shows the highest quantity 
of exchangeable calcium, though the difference between t h i s 
(15.6 mg./gm.) and Cassop Vale ( l l i . i i mg./gm.) i s not f e l t t o 
be very s i g n i f i c a n t . The s l i g h t l y lower figure f o r saniple 3 
i s probably indicative of the paucity of exchange sites due 
t o the absence of the clay colloids. I t i s conceivable that 
the quantity of exchangeable cations i n such a s o i l fluctuates 
considerable throughout the year as s o i l moisture conditions 
vary. The magnesian limestone s o i l of Cassop Vale shows a ' 
s i g n i f i c a n t l y greater proportion of exchangeable magnesium 
that the s o i l s on the carboniferous limestone of Upper Tees-
dale. The figures f o r sodium should be regarded with considerable 
suspicion and no comparative deductions can be made with such 
small quantities because the p o s s i b i l i t y of contamination of 
samples with sodium from the glassware i s greater than f o r the 
other elements. Rieley (op. c i t . ) abandoned his sodium analyses 
altogether f o r t h i s reason. Potassium seems to be highest i n 
sample h and then i n sample 1, while there were no detectable 
quantities i n sample 3 and only a very small amount i n sample 2, 
but the differences are very small and may not be s i g n i f i c a n t . 
Plant Studies 
a) Mo3pholo^_and_anatOEay 
The most obvious morphological difference between plants 
of the two populations was one of size. In t h i s respect the 
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Cassop plants were considerably larger than those of Upper 
Teesdale. Furthermore, they tended t o possess slender, 
straggling, stoloniferous developments above the ground while 
the Teesdale plants were interconnected by extensive rhjrzomes 
w i t h i n the compact t u r f . Even within the two populations 
there were noticeable differences. I n some places the Cassop 
plants were densely t u f t e d and had a great amount of 0I4 dead 
leaf and sheath material s t i l l attached f i r m l y t o the short 
culm. In other places the plants were more readily d i v i s i b l e 
i n t o individuals, were t a l l e r and straighter. The former seemed 
to be developed on very t h i n , dry s o i l while the l a t t e r were on 
the better developed and moister s o i l s . An analogous bimodal 
s i t u a t i o n occurred i n Teesdale between the plants on the better 
s o i l and those on the skeletal s o i l of the sugar limestone out-
crops . 
A thorough study was made of the l i t e r a t u r e on the 
anatomy of grasses, and plants from the two populations were 
studied i n the l i g h t of the findings of other workers. The 
feature t o which the most attention was paid was the sclerenchyma, 
Metcalfe (196O), r e f e r r i n g t o Sesleria caemlea said, "The amount 
of sclerenchyma varies with habitat, but the pattern of i t s 
d i s t r i b u t i o n i s a r e l i a b l e taxonomic character." Djfoval-Jouve 
(1875) points out that the sclerenchymatous c e l l development 
i s a protective reinforcement t o the vascular system so, i n 
warm and dry habitats sclerenchyma i s well developed while i n 
1 
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moist or shaded habitats i t i s not so we l l developed. 
Upon t h i s basis one would expect the Cassop plants to 
have a more marked development of sclerenchyma than those of 
Teesdale. I n point of fa c t the reverse i s the case. I n 
Cassop plants a l l the sclerenchyma are thinner, that i s t o say, 
the cel l s are larger while the c e l l walls are thinner than i n 
Teesdale plants. The area of sclerenchyraa i n the leaf margins 
and the midrib i s considerable smaller. The abaxial epidermal 
cell s are scarcely sclerenchymatous at a l l , while the Teesdale 
plants have sclerenchymatous epidermal cells which have 
noticeable thicker outer than inner walls on both adaxial and 
abaxial surfaces. The adaxial I-girders t o the vascular 
bundles are coniposed of cells that are more l i k e the chloren-
chymatous cells of the outer bundle sheaths than true 
sclerenchyma i n the Cassop plants. Furthermore, the l a s t two 
or three vascular bundles towards the leaf margin have much 
reduced I-girders which are only one c e l l thick instead of two 
or three c e l l s and sometimes are missing altogether. 
The only feasible explanation of t h i s apparent contradiction 
i n terms i s tha t , although Cassop Vale i s warmer and d r i e r than 
Upper Teesdale, the plants i n the former are sheltered from the 
direct rays of the sun f o r most of the day while the plants i n 
the l a t t e r have t o stand up to the dessicating effect of strong, 
cold winds and the rigours of very low temperatures. Without 
the protective insulation of thick-walled sclerenchymatous cells 
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the plants would xd-ther and die under such conditions. 
b) C a l o r i f i c value 
Table IV shows the results of estimations of c a l o r i f i c 
value of plant material by bomb calorimetry. No very d e f i n i t e 
conclusions can be drawn from these. The c a l o r i f i c value of 
Sesleria caerulea would seem to l i e between h.9 and 5.0 Calories 
per gram and, although the difference i s small, Cassop Vale 
plants seem t o have a marginally higher value than Teesdale 
plants. Stems and inflorescences seem t o have a lower c a l o r i f i c 
value than leaves. 
c) Productivej)erfoiTnance 
Fig. 8 shows i n graphic form the growth of Sesleria i n 
Cassop Vale and Upper Teesdale. Details of the monthly croppings 
are given i n Tables V and VI. The f i r s t crops were taken, as 
near as could be ascertained, at the beginning of the growing 
season, which came about two months l a t e r i n Teesdale than i n 
Cassop Vale. The f i r s t crops therefore represent the "over-
wintering' biomass, or the weight of green plants l e f t a f t e r 
the winder die-back and before the s t a r t of summer growth. 
I t w i l l be seen that the mean i n i t i a l weight of Cassop 
plants i s considerably more than Teesdale plants and although 
t h e i r i n i t i a l rate of growth i s someiirtiat slower than the l a t t e r 
there i s a marked steepening of the graph from June onwards. 
The Teesdale graph i s much more regular and i s s l i g h t l y convex, 
indicating a steadier growth rate which tends to f a l l o f f 
r 
Table IV. Calorific values of plant material 
Cassop Vale plants K cals,/gm. 
leaves 4.935 (S.D. 0.165) 
stems 4.547 (S.D. 0.359) 
flowers 4.597 (S.D. 0,561) 
Teesdale plants 
leaves 4.655 (S.D. 0.006) 
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Figure 8 
Growth of f i e l d plants 
(mean weight of 30 plants i n successive crops; 
upper l i n e = fresh weights; lower l i n e = dry weights) 
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through the season, resulting i n a large disparity between the 
weights of plants of the two populations at the end of Jvily. 
At the l a s t crop Cassop plants had a mean fresh weight of 
0.3928 gras. while Teesdale plants were only 0.11^ 97 gms. The 
same trend i s reflected i n the dry weights, though the changes 
i n these are much more compressed as the effects of flu c t u a t i n g 
water content are absent. L i t t l e difference can be detected 
i n the percentage water content of plants from the two 
populations. 
This marked difference i n the perfonnance of the two 
populations i s impressive evidence of the depressive effect of 
harsh climatic regimes on the growth and productive performance 
of plants. Everyone i s f a m i l i a r with descriptions of the 
stunted vegetation of Tundra regions, where many fa m i l i a r species 
of Cool Temperate climatic regions grow to a fr a c t i o n of t h e i r 
normal size. Here, i n Upper Teesdale, we have a species of 
grass growing t o a t h i r d of the size that i t attains under more 
temperate ccanditions as a resul t of the shortened growing season 
and comparatively low mean teit5)eratures. 
d) Mineral analysis 
The results of the mineral analyses of the various f i e l d 
crops are given i n Tables V I I and V I I I , expressed i n milligrams 
per gram of dry plant material and i n milligrams per plant 
respectively. These results are plot t e d i n graphic form i n 
Figs. 9-12. I t became clear that i n many respects these results 
were similar t o those obtained by Rieley (op. c i t . ) with Carex spp. 
Table V I I . Analysis of f i e l d crops 
Cassop Vale 
Above ground parts: mg./gm, of dry plant. 
Date of 
crop Ca Na K 
5/3/68 4.03 5.60 1.66 24.96 
5/4/68 0.75 3.02 1.43 64.89 
5/5/68 2.51 3.76 0.85 65.25 
2/6/68 2.64 3.30 0.69 53.40 
30/6/68 3.01 2.65 0.46 64.42 
30/7/68 3.00 3.00 0.72 72.00 
Below ground parts: 
5/3/68 11.32 5.66 1.34 8.83 
Upper Teesdale 
Above ground parts: 
1/5/68 4.43 2.87 0.76 73.04 
21/5/68 5.54 2.61 1.79 65.15 
27/6/68 3.13 2.06 0.54 56.04 
29/7/68 4.68 1.56 0.58 49.60 
Below ground parts: 
1/5/68 4.10 1.47 1.36 13.37 
Table V I I I , Analysis of Field Crops 
Date of 
crop 
Cassop Vale 
Above ground parts: rag./plant. 
Ca l i ^ Na 
5/3/68 
5/4/68 
5/5/68 
2/6/68 
30/6/68 
30/7/68 
0.1503 
0.0297 
0.1529 
0.1782 
0.2881 
0.3885 
0.2089 
0.1196 
0.2290 
0.2228 
0,2536 
0.3885 
Below ground parts: 
5/3/68 0,4+60 0,2230 
0.0619 
0.0566 
0.0518 
0.0466 
0.0440 
0.0932 
0.0528 
0.9310 
2.5696 
3,9737 
3.6045 
6.1650 
9.3240 
0.3480 
Upper Teesdale 
Above ground parts: 
1/5/68 0.0470 0.0304 0.0081 0.7742 
21/5/68 0.1208 0.0569 0.0390 1.4203 
27/6/68 0.1158 0.0762 0.0200 2.0735 
29/7/68 0.2527 0.0842 0.0313 2.6784 
Below ground parts: 
1/5/68 0.0533 0.0191 0.0177 0.1738 
Figure 9 
Mineral analysis of Cassop Vale 
f i e l d crops i n mg./gpi. 
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Mineral analysis of Upper Teesdale 
f i e l d crops i n rag./gm. 
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Mineral analysis of Cassop Vale 
f i e l d crops i n rag./plant 
Fig.11 
mg./plant 
0-4 ' 
0-2H 
0-2H 
June 
0-2H 
March 
Fig. 11 (contd.) 
mg./plant 
10 0 
8 0 -
6 0 -
4 0 1 
2 0 
June March April May 
Figure 12 
Mineral analysis of Upper Teesdale 
f i e l d crops i n mg./plant 
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As pointed out by Gollander (l9iil), the most copiously 
accumulated cation i s potassium, which reached a maximum 
concentration of 73.01; mg./gm. i n the shoots of Teesdale plants. 
However, t h i s cation seems to be present i n much smaller 
quantities i n the roots, although even here i t i s s t i l l pro-
portionately more than the other elements excepting calcium 
i n the f i r s t Cassop crop. The potassium absorption i s marginally 
higher i n the Teesdale plants than i n the others. I f we are to 
accept Collander's view that as a general rule the absorption 
r a t i o of a given ion increased as the concentration of that ion 
i n the medium decreases'., then t h i s difference can be p a r t l y 
explained by the smaller quantities of K i n the Teesdale s o i l . 
A further explanation l i e s i n the r e l a t i v e l y higher proportion 
of Ca i n the Teesdale s o i l . Several authors have shown by 
culture e^eriments that higher concentrations of t h i s cation i n 
the s o i l tend to enhance the absorption of potassium (Olsen, 19i;2j 
Gauch, 1957). 
E i e l e y found that the percentage of potassium was high i n 
young plants and increased further to a peak i n May but there-
aft e r decreased consistently throughout the r e s t of the year. 
At the same time, the absolute amount of K per plant was low 
i n developing t i l l e r s and the subsequent trend was reversed. In 
other words young shoots have a high concentration of potassium 
i n a small dry weight. In general h i s re s i i l t s have been reflected 
i n the present study, but the Cassop plants behaved somewhat 
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d i f f e r e n t l y i n that, although the percentage of potassium i n -
creased u n t i l May and then began to f a l l , i t increased again 
from June onwards. However, Rieley also noted that Car ex f l a c c a 
showed a pulse of potassium uptake xd-th each growth pulse. As 
already noted, the Cassop plants experienced a considerable 
acceleration of growth rate from the beginning of June and 
t h i s i s matched by a steeper r i s e of the graph for milligrams 
of potassium per plant, resulting i n an upward trend i n the 
proportional graph. A similar, though l e s s intense reaction 
i s seen i n the Teesdale plants i n which the increase of pot-
assium per plant i s greatest where the growth i s most rapid 
during the f i r s t month. 
The l e v e l of calcium i n the plant shows a very similar 
trend to that of potassium, being comparatively low at the beg-
inning of the year and increasing rapidly during the main 
period of growth, indicating a rapid absorption for the synthesis 
of c e l l w a l l s . The Teesdale plants seem to have had considerably 
more calcium than the Cassop plants throughout the season, but 
the trends are very much the same and the fact that the 'slack' 
period i n May, indicated by a flattening of the graph for 
Cassop, occ\irs a month l a t e r i n Teesdale i s further evidence 
for the lateness of the season there. Since calcium i s known 
to be 'fixed' i n the plant and incapable of translocation v i a 
the phloem the fluctuations i n concentration are indicative of 
the changing proportionality of other elements and of water etc. 
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I n view of t h i s i t i s hard to understand the i n i t i a l drop of 
calcium per plant i n the Cassop population. One possible 
explanation i s that the f i r s t Cassop crop was taken before the 
plants had r e a l l y started to grow and the so-called l i v e plant 
was composed l a r g e l y of senescent green leaves which had not 
yet turned brown but had done so by the time of the next crop. 
With regard to magnesium the status of the two pop-
ulations i s reversed and the Cassop plants have a higher 
average l e v e l of t h i s cation. This i s confirmed by Rieley's 
findings and would seem to be i n direct contradiction of 
Collander's r u l e . In the Cassop population the absolute con-
centrations of magnesium per plant follow a very similar 
pattern to that of calcium and i t therefore seems reasonable 
to assume that the same laws govern the absorption of both 
these cations. This parallelism also serves to confirm 
S u t c l i f f e ' s (1962) opinion that the calcium and magnesium 
absorption s i t e s are independent of one another. 
The pattern of sodium absorption i s rather d i f f i c u l t to 
interpret. The concentrations of t h i s ion are considerably 
lower than the others and the only point on which the two pop-
ulations can r e a l l y be s a i d to agree i s i n the s l i g h t increase 
of sodium per plant and per gram i n July. In terms of m i l l i -
grams per gram the sodium l e v e l i n Cassop plants seems to be 
inversely related to that of potassium to a certain extent but 
t h i s relationship i s not e n t i r e l y true of the Teesdale plants. 
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S u t c l i f f e ( i b i d . ) i s of the opinion that high external pot-
assium l e v e l s tend to suppress sodium uptake but that the 
reverse relationship i s not so strong. I n other words there 
i s a certain amount of competition between the two and pot-
assium has the advantage. Gauch (op. c i t . ) , on the other hand, 
quotes Joham (1955) as saying that these two ions do not com-
pete for absorption, so he assumes that the reciprocal changes 
of balance observed by some authors are due to int e r n a l control 
exercised by the plant c e l l s . I t i s possible that some such 
mechanism i s operating i n S e s l e r i a but i t would be unxd-se to 
be categorical i n view of the doubtful accuracy of the sodium 
analyses. 
To summarise these r e s u l t s i t i s evident that certain 
trends can be detected i n the absorption of these ions which 
can to some extent be related to the seasonal growth of the 
plants and to ionic balances within the plants and i n the s o i l . 
Some interesting additional r e s u l t s were obtained from 
analyses of plant material collected from Cassop Vale on the 
30th June (Table I X ) . Green leaves, dead leaves and the dead 
t i p s of green leaves were analysed separately and i t became 
obvious that there were considerable differences i n the mineral 
status of these. 
Calcium was found to be concentrated at much higher l e v e l s 
i n the t i p s of leaves than anywhere else. This i s because 
calcium moves rapidly up the l e a f towards the t i p s and when this 
Table IX. Analysis of f i e l d material 
from Cassop Vale, 
collected 30/6/68. 
rag./gm. of dry plant. 
Material Ca Na K 
Green leaves 4.70 3.54 0.44 22.02 
Dead leaves 9.80 5.22 0.58 1.58 
Dead t i p s of leaves 13.12 5.44 4.69 7.31 
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part dies back water and some of the other cations are l o s t 
again, leaving calcium at a r e l a t i v e l y high concentration per-
imit dry weight. Potassium, on the other hand i s at i t s lowest 
i n dead leaves and t i p s , indicating a rapid re-absorption from 
dying t i s s u e into the l i v i n g photosynthetic parts. These 
r e s u l t s agree very well with those of Rieley (op. c i t . ) xdio 
made separate analyses of the sheath, upper and lower halves 
of the lamina and the dead t i p s of Car ex spp. He found that 
calcium increased from a very high l e v e l i n the dead t i p s , 
while potassium was lowest i n the dead t i p s and sheaths and 
highest i n the upper photosynthetic lamina. The differences 
i n magnesium concentration are not so great but t h i s cation, 
l i k e calcium, tends to be l e f t i n the dead parts. Sodim 
appears to be concentrated i n the dead t i p s to a considerable 
extent, but again the analyses are suspect. 
One f a c t that emerges c l e a r l y from these r e s u l t s i s that 
the r e s u l t s of analyses of whole plants (excluding roots that 
i s ) w i l l depend to a considerable extent on the proportion of 
dead material included. 
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Chapter 5- RESULTS OF CULTURE EXPERIMENTS 
Productive performance 
Any conclusions that may be drawn about the performance 
of the culture plants can r e a l l y only be reached i n the l i g h t 
of the nutrient dynamics, but a preliminary svirvey of the 
r e l a t i v e productive performance of the plants i n various culture 
treatments can be made at once. 
From F i g . 13 and Table X i t w i l l be seen that of the 
Cassop Vale plants those i n the high calcium treatment showed 
the best vegetative productbn. The high n i t r a t e treatment also 
did very well but both of these were only marginally better 
than the control plants. The low calcium and magnesium treat-
ments (from which these elements respectively were coiJ5)letely 
omitted) had a d i s t i n c t l y suppressive effect on the performance 
of the plant and yet the high magnesium treatment did l i t t l e 
better. 
The performance of plants i n the low nit r a t e treatment 
was seriously suppressed, the mean production being only j u s t 
over h a l f that i n the high treatment. The high phosphate 
treatment did better than the low treatment but s t i l l did not 
do as well as the control plants. The absence of zinc i n the 
low zinc treatment obviously affected the plants very considerably 
as these plants did l e s s well than any of the others. The high 
l e v e l of zinc i n the other h a l f of t h i s treatment pair apparently 
had a somewhat toxic effect as the plants did not do as well as 
Table X. Cassop Vale Culture Plants - Production 
Treatment Total weight Mean weight S.D. No. Of Plants 
+ Ca 12.5778 0.7861 0.4031 0.4781 16 
- Ca 11.0171 0.5798 0.2012 19 
0.2973 
+ Mg 7.6105 0.5436 0.1950 14 
0.2788 
- m 3.0854 0.4408 0.1480 7 0.2261 
control 9.7053 0.7466 0.3389 13 
0.3829 
+ NO. 5.4723 0.7818 0.2941 7 o 0.4009 
1.3391 0.4598 0.1721 4 
o 0.2358 
5.3560 0.5951 0.1833 9 
0.3052 
- PO 9.4891 0.4745 0.1351 20 4 0.2433 
+ Pb 7.4896 0.4993 0.1520 15 
0.2561 - ft 5.7061 0,3003 0.0974 19 
0.1540 
+ Zn 7.3410 0.5244 0.1949 14 
0.2689 
- Zn 8.8264 0.7790 0.2313 13 
0.3482 
Date Of planting: 5/3/68 
Date Of completion: 1/7/68 
Time i n culture: 117 days 
Lower mean weight figures represent estimated production 
over 60 d ^ s . 
Figure 13 
Cassop Vale Culture Plants - Production 
Columns represent mean plant growth i n each culture, 
Diagonal shading = high treatment 
Unshaded = low treatment 
Horizontal shading = control culture 
Fig.13 
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Table XI. Upper Teesdale Culture Plants - Production 
Treatment Total weight Rfean weight S.D. No. of plants 
+ Ca 6,5729 0.2120 0.0758 31 
- Ca 7.9944 0.2284 0.1060 35 
+ % 7.7459 0.2421 0.1030 32 
- 7.6007 0.2923 0.2011 26 
control 12.6342 0.4076 0.1520 31 
+ Pb 7.5777 0.2148 0.1248 35 
0.3682 
- Pb 7.8096 0.2169 0.0684 36 
0.3718 
+ 2s\ 8.6271 0.2465 0.1040 35 
0.4226 
- 2n 8.3079 0.2374 0.0786 35 
0.4070 
+ C a — control: Date of planting: 1/5/68 
Date of completion: 1/7/68 
Time i n culture: 60 days 
+ P b — - Zn: Date of planting: 25/5/68 
Date of completion: 1/7/68 
Time in culture: 35 days 
Lower mean weight figures represent estimated production 
over 60 days. 
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the controls, though a toxic l e v e l of zinc seems to have been 
l e s s harmful than a deficiency i n t h i s case. The presence of 
small amounts of lead does not seem to have seriouslyyaffected 
vegetative growth but higher l e v e l s appear to be toxic to 
these plants and to hinder t h e i r growth. 
Turning to the Teesdale plants, those i n the high zinc 
treatment did amazingly well, s l i g h t l y better than the controls 
i n f a c t , though the difference i s not s i g n i f i c a n t . At the 
same time, the plant would not appear to have been troubled by 
the absence of zinc from the culture medium as the low zinc 
treatment plants grew j u s t as well as the control plants. 
Lead seems to have a s l i g h t l y suppressive effect but there was 
no difference to speak of between the high and low level s so 
one i s inclined to assume that any effect was i n s i g n i f i c a n t . 
Both the calcium and magnesim treatments shewed very 
poor growthj the high calcium treatment poorest of a l l . This 
could indicate an intolerance of very high calcium l e v e l s and 
a s i m i l a r intolerance of high magnesium l e v e l s . 
With respect to magnesitun, plants of the two populations 
show a somewhat s i m i l a r response except that Teesdale plants 
seem to be more tolerant of a deficiency and s l i g h t l y l e s s 
tolerant of high l e v e l s . The big difference l i e s i n t h e i r 
response to calcium, which i n the case of Teesdale plants i s 
very large i n a negative sense. Teesdale plants seem to have 
been affected very l i t t l e by the lead and zinc treatments vdiereas 
- k3 -
Cassop plants shewed a d i s t i n c t negative response. 
I t i s not r e a l l y possible to draw any conclusions about 
the Poa plants from the Rowan Tree s i t e as there were no controls 
or standards of comparison. A l l that can be said i s that the 
plants, which started off as very t i n y specimens indeed, grew 
at a tremeandous rate and ended up as t a l l , healthy plants 
looking much better, i n fact, than most of the other culture 
plants. They seem to have done s l i g h t l y better i n the low than 
the high treatments. As these plants are from a lead mine sp o i l 
heap one would l i k e to be able to conclude that t h i s performance 
i n culture was proof that they possessed a tolerance to heavy 
metal t o x i c i t y . As i t i s one dare not do so i n the absence of 
controls and i n view of the taxoncmic discrepancy. 
A further point of difference between the two populations 
of S e s l e r i a i n the culture experiments i s i n the percentage water 
content calculated from fresh and dry weights. A comparison of 
Tables XlHand XIV shows that the Cassop plants had a higher 
water content per unit dry matter than those of Upper Teesdale. 
This i s almost c e r t a i n l y a r e f l e c t i o n of thei r differing c e l l u l a r 
structure (see previous chapter). The Teesdale plants had much 
thicker c e l l walls and the i n t r a - c e l l spaces were proportionately 
smaller. 
Table X I I I . Cassop Vale Culture Plants - water content. 
Shoots % Roots % 
Treatnent Mean H^ O S.D. Mean H2O S.D. No. Of 
+ Ca 67.0 2.8 72.3 7.3 16 
- Ca 63.8 3.3 69.8 5.3 19 
+ l«g 62.3 5.4 66.2 6.1 14 - % 58.4 6.1 67.2 4.7 7 
control 66.1 2.9 71.7 6.2 13 
+ NO3 67.0 4.6 74.9 4.9 7 
-NO3 61.9 6.1 70.1 4.0 4 
+ PO4 67.8 4.5 72.2 4.3 9 
- ^ 4 62.7 4.6 66.5 . 5.4 20 
+ H? 61.8 7.3 64.4 6.1 15 
- Pb 62.9 3iO 62.9 3.9 19 
•I- Zn 64.7 8.1 70.2 4.0 14 
- Zn 61.5 8.6 71.0 5.2 13 
Table XIV. Upper Teesdale Qilture Plants - water content 
whole plants % 
Treatment 
+ Ca 
- Ca 
+ Mg 
- Mg 
control 
+ Pb 
- ft 
+ Zn 
- Zn 
Mean H2O S.D. No. of plants 
57.5 
55.7 
59.7 
59.0 
58.7 
56.4 
52.3 
55.7 
53.8 
6.7 
6.0 
4.8 
6.1 
5.6 
4.3 
10.1 
4.5 
4.1 
31 
35 
32 
26 
31 
35 
36 
35 
35 
Upper Teesdale Rowan Tree s i t e (Poa sp.) 
+ ft 65.0 12.7 35 
- ft 69.3 6.4 35 
+ Zn 68.9 12.3 36 
- Zn 67.6 7.1 36 
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One point that should be discussed before going any further 
concerns the effect that the culture technique i t s e l f had upon 
the s u r v i v a l and performance of the plants. Anatomical studies 
were made of plants after growing i n culture to note any changes 
i n c e l l u l a r structure. P a r t i c u l a r attention was paid to the 
bulliforme c e l l s i n view of D^val-Jouve's (1875) comments on 
the importance of these c e l l s i n t h e i r function of opening and 
closing the l e a f . I t was thought that the shape of these c e l l s 
might r e f l e c t the difference between climatic conditions i n the 
f i e l d and i n the greenhouse. The bulliforme c e l l s of the culture 
plants were somewhat larger and more e l i p t i c a l i n shape than 
those of f i e l d plants. This may mean a greater a b i l i t y on the 
part of the leaves to open out f l a t i n the moist conditions of 
the green house. Another notable change occiirred i n the outer 
sheaths of the vascular bundles. These were much more interrupted 
than i n the f i e l d plants. The outer sheath of the large 
vascular bundles was often reduced to three or four c e l l s on one 
or both sides. The outer sheaths of small vascular bundles, 
c h a r a c t e r i s t i c a l l y entire i n S e s l e r i a , were often interrupted 
adaxially and/or abaxially. 
Much was said i n chapter 3 to make i t clear that the e:q)eri-
mental conditions and methods were f a r from ide a l and must needs 
have a more or l e s s serious effect on the plants. I t was impossible 
to assess exactly what t h i s effect was but i t can be taken that the 
high i n i t i a l mortality (89^ i n the case of the low nitrate treatment) 
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among the Cassop plants was due i n part to the mistake of 
trimming the leaves to a standard length but more to the ex-
cessive depth of the ctilture solution i n the bowls during the 
f i r s t few weeks. There were considerable differences i n the 
mortality of plants i n the various culture solutions and although 
the solutions themselves must have played some part i n affecting 
the health of the plants there seems to be l i t t l e d irect 
relationship between percentage mortality and the type of 
culture treatment. 
By the time the Teesdale cTiltures were set up the techniques 
had been considerable improved, with the resul t that the maximum 
mortality was 28% ( i n the low magnesium treatment). Again, i n 
considering the nutrient dynamics, the possible loss of calcium 
as an insoluble precipitate, resulting from the addition of 
sodium hydroxide to control pH, should be remembered. I n spite 
of the improvements i t i s f e l t that the culture medium was i n -
s u f f i c i e n t l y aerated and there may well have been some suppression 
of root development and ionic absoiTption. 
Nutrient dynamics - analyses 
Since there xirere so many errors inherent i n the culturing 
and a n a l y t i c a l techniques i t would be dangerous to be too dogmatic 
about the nutrient dynamics. Nevertheless, even i f l i t t l e vreight 
i s given to absolute figures, certain trends are noticeable. For 
the present pxirpose attention i s confined to the above ground 
parts of the plants. 
Table XV. Analysis of culture plants 
Cassop Vale 
Above ground parts: mg./gra. of dry plant. 
Treatment Ca Mg Na K 
+ Ca 1.32 3.20 2.84 25.60 
- Ca 1.04 4.00 4.16 19.52 
+ m 1.04 6.80 3.04 17.60 
* - Mg 1,76 2.40 3.44 12,56 
control 0.80 3.60 2.52 22,00 
+ NO3 1.14 4.48 4.48 18,52 
• - NOj 
+ PO4 
1.08 3.79 3.56 14.72 
- 3.18 8.80 15,40 
6.86 4.24 0.96 23,72 
+ ft 1.12 4.36 4.04 23,56 
- ft 4,48 4.89 2.84 18,52 
+ Zn 1,92 4.48 3.12 20,96 
- Zn 1,32 4.60 3.48 26.00 
Beloiv ground parts: 
+ Ca 3.60 2.80 3.04 6.88 
- Ca 2.80 2.08 3.28 4,48 
control 2.00 2.00 3.04 4.48 
- 3.75 2.77 1,80 4.34 
* ft 1.46 2.45 3,08 3.68 
- ft 6.63 4.55 2,56 3.24 
+ Zn 2.02 1.75 1.92 3.24 
- Zn 1.84 3.52 2.48 3.92 
Analyses marked with an as t e r i s k include above and below 
ground parts as there was i n s u f f i c i e n t material for 
separate a n a l y s i s . 
Table XVI. Analysis of Culture plants 
Upper Teesdale 
Above ground parts: mg./gm. of dry plant. 
Treatment Ca Mg Na K 
+ Ca 6.08 2,61 1.96 18,67 
- Ca 2.82 3,22 2.05 17,74 
+ Mg 0.83 5.03 2.87 20,91 
- Mg 3,79 2.02 1.81 19,43 
control 2.26 2.46 2.74 24.75 
+ Pb 5.02 3.57 1.40 20.04 
- Pb 8.75 3,70 1.75 17,30 
+ Zn 4.37 2,78 1.46 18,04 
- Zn 5.66 2,83 1.78 17,36 
\)und parts f 
+ Ca 12.75 3,51 3.60 10,04 
- Ca 0.93 2,80 3.32 9.82 
+ Mg 0.39 2,79 4.19 14.08 
- Mg 0.80 1,60 3,92 8,41 
control 0,62 1,42 3,09 9.40 
+ Pb 1.04 1,73 1,66 9.41 
- Pb 3,09 2.16 1,61 8.10 
+ 7J\ 1.32 2.64 2,84 10.35 
- Zn 1.42 2.71 2,40 9.06 
Table XVII. Analysis of Culture plants 
Upper Teesdale, 
Rowan Tree Site (Poa sp») 
fitjoye ground parts: mg./gm. of dry plant. 
Treatment Ca % Na K 
+ Pb 3.81 3.29 2.36 26.55 
- Pb 2.89 3.02 2.80 27.33 
+ Zn 2.55 1.87 3.20 30.70 
_ Zn 3.35 3.04 3.59 27.94 
Below ground parts: 
+ Pb 0.53 3.44 4.77 25.26 
- Pb 0.62 5.32 2.24 18.99 
+ Zn 0.59 2.86 5.14 32.93 
Zn 0.57 3.63 4.94 32.76 
- 1,6 -
I n the calcium treatment rather more magnesium was absorbed 
i n the absence of calcium than i n the controls and rather l e s s i n 
high calcium conditions of Cassop Vale plants. There i s not a 
large difference i n calcium absorption. A similar relationship 
pertains to the Teesdale plants though here the l e v e l s of calcium 
are higher throughout the treatments while the l e v e l s of the 
other ions are lower. There i s a p a r t i c u l a r l y high l e v e l of 
plant calcium i n the +Ca treatment. In both cases a high l e v e l 
of calcium has increased the absorption of potassium and suppressed 
that of sodium. 
In high magnesium concentrations the absorption of t h i s ion 
i s noticeably enhanced while calcium absorption tends to be l e s s 
than i n an absence of magnesium. Potassium absorption seems to 
be greater under high than low magnesium conditions but i n both 
cases l e s s than the controls. Sodium i s scarcely affected. 
The omission of n i t r a t e from the culture medium suppresses 
the absorption of the cations -while high level s of t h i s important 
metabolic agent give r i s e to a more even balance of other nutrients 
i n the plant. The r e s u l t s of the phosphate treatments are rather 
harder to understand. As phosphate i s a metabolically important 
constituent one would expect an increased absorption of a l l 
elements at high phosphate l e v e l s . However, no detectable traces 
of calcixara were found i n the plants, (though t h i s may well be the 
r e s i i l t of an a n a l y t i c a l error) and magnesium and potassium were 
both suppressed. Sodium, on the other hand, was present i n the 
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considerable quantities. This i s almost certainly because there 
was much more present i n the solution and i t s absorption was 
stimulated by phosphate. The low readings for calcium, magnesium 
and potassium, but p a r t i c u l a r l y the former, are probably the 
r e s u l t of interference by P0|^  i n the spectrophotometric analysis. 
For the same reasons calcium shewed very high l e v e l s i n plants of 
the -P0|^  treatment while sodium was very low. 
L i t t l e i s knoTnin about the effects of lead and zinc on the 
absorption of other ions so i t i s d i f f i c u l t to make any meaningftil 
interpretation of the r e s u l t s of these experiments. The presence 
of lead seems to enhance the uptake of calcium to a varying 
extent and both lead and zinc have had some effect on potassium 
absorption. The r e s u l t s of the magnesiiua and sodium analjrses 
t e l l us very l i t t l e . The plants of Poa sp. frcm the Roiiran Tree 
s i t e show l i t t l e response to variations i n lead and zinc l e v e l s , 
having a healthy balance of Ca, Mg, Na and K throughout, except 
i n the case of the +Zn treatment which seems to have suppressed 
magnesium absorption. 
-hB -
Chapter 6. DISCUSSION 
The r e s u l t s i n chapter S show that the plants grown i n a 
variety of culture solutions contain varying quantities and 
proportions of four cations, namely calcium, magnesium, sodium 
and potassium. The d i f f e r e n t i a l absorption of these cations 
must be explained by the external concentrations of s a l t s i n the 
culture solutions and interference between ions, a process de-
monstrated by many workers. 
S u t c l i f f e (1962) indicated that calcium and magnesium 
absorption s i t e s i n plant roots are apparently independent of 
each other. I f t h i s i s so there i s unlikely to be any mutual 
interference between these two. However, from the results of 
the present work the indications are that to some extent calcium 
and magnesium are r e c i p r o c a l l y related i n absorption. A possible 
theory i s that the distribution and r e l a t i v e abundance of calcium 
and magnesium absorption s i t e s varies between plants of different 
populations depending on the r e l a t i v e abundance of these two 
elements i n the s o i l . Thus, i n the present case, the Cassop 
plants, from a s o i l with a comparatively high magnesium content, 
have rather more magnesium than calcium binding s i t e s , with the 
r e s u l t that the former i s more read i l y absorbed vhen available. 
This i s borne out by the control cultures of the two populations. 
Even when the external concentration of calcium i s very 
high magnesium i s s t i l l more copiously accumulated. 'When magnesium 
i s not available more calcium i s absorbed than otherwise. In the 
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Teesdale population, on the other hand, magnesium i s only 
absorbed i n greater quantities than calcium when the l a t t e r i s 
not available or when magnesium le v e l s i n the solution are very 
high. (This case rather suggests that external concentrations 
of Mg do i n f a c t influence Ca absorption to some extent.) When 
magnesium i s absent rather more calcium i s absorbed to con^jensate 
but when external concentrations of calcium are very high the 
absorption of th i s cation i s also very much increased and mag-
nesium reduced. 
To put i t another way, i t might be said that Cassop plants 
have a greater a b i l i t y to exclude calcium whereas Teesdale plants 
absorb i t i n considerable quantities when available. Olsen {I9h2) 
says that the rapid death of seedlings of calcifuge plants grown 
i n calcareous s o i l s cannot be accounted for by mere iron chlorosis 
but must be the r e s u l t of a rapid uptake of calcium which blocked 
the enzyme systems. Unless calcium i s transported rapidly to 
inactive centres i t may do t h i s . Olsen went on to say that c a l -
c i c oly was not so much a need for large quantities of calcium to 
help growth as an a b i l i t y to suppress calcium absorption,ie. a 
low a f f i n i t y f o r calcium. However, the evidence presented here 
shows that the Teesdale plants do i n f a c t increase t h e i r absorption 
of calcium from high external concentrations and i t i s therefore 
suggested that they cope with t h i s by a greater a b i l i t y to rapidly 
transport t h i s calcium to inactive centres. I n some senses these 
plants do need more calcium to build up th e i r heavier c e l l structure. 
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Various opinions have been expressed on the ralationship 
between calciiom and potassium and the effect of one on the 
absorption of the other. Fawzy et. a l . il9Sh) shewed that low 
concentrations of calcium i n a cultxire solution stimulated pot-
assium absorption by barley roots i n pH's between 2 and 6. 
Overstreet et. a l . (1952) said that calcium could increase or 
decrease potassium absorption depending on the concentration of 
potassium i n the solution. Nielsen and Overstreet (1955) shewed 
that calcium enhances potassium absorption and postulated that 
calcium functioned as a co-factor i n the u t i l i z a t i o n of the 
potassium c a r r i e r . Gauch (1957) concluded that increasing the 
external concentration of calcium increased the absorption of 
potassium. Olsen ( l o c . c i t . ) shewed that increased calcium 
increased the absorption of potassium. Olsen ( l o c . c i t . ) shewed 
that increased calcium concentrations diminished the amoimt of 
potassium i n the leaves of certain calcifuge species •while i t 
increased the amount i n leaves of Tussilago f a r f a r a (a c a l c i c o l e ) . 
S u t c l i f f e (op. c i t . ) concludes that calcium suppresses or 
enhances potassium absorption depending on the concentration of 
calcium, so that i f they compete for absorption s i t e s inhibition 
w i l l occur when the Ca/K ration i s high. 
I n the Gassop plants potassium absorption i s definately 
enhanced by high calcium l e v e l s and suppressed someidiat by an 
absence of calcium, but i n the Teesdale plants potassium i s lower 
than i n the controls i n both calcium treatments. Potassium i s low 
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i n plants of the -NO^  treatment because the absence of an 
iitiportant metabolite such as NO^  halts the uptake of other 
ions. The f a c t that i t i s not also low i n the -?0^ plants may 
be due to a tendency towards increased a l k a l i n i t y i n t h i s 
treatmentj potassium absorption i s enhanced by higher pH values. 
Potassium i s unexpectedly low i n the and +P0|^  treatments. 
This may be due to an indeterminate effect of the increased 
sodium ion concentration i n both these culture solutions. Haas 
and Brusca (19^6) found that mth constant external leve l s of 
potassium an increase i n the external l e v e l of sodium raised 
the l e v e l of potassium i n leaves, stems and roots of citrus 
f r u i t t rees. The indications are that i n Se s l e r i a sodium has a 
suppressive effect on potassium uptake. A similar effect was 
demonstrated by Snaydon and Bradshaw (196I) i n Festuca ovina, 
but as shewn by Joham (op. c i t . ) t h i s may have been the r e s u l t 
of i n t e r n a l adjustment by the plant c e l l s rather than direct com-
petiti o n for absorption. 
Some workers have shewn that another effect of high sodium 
l e v e l s i s to i n h i b i t the absorption of calcium (e.g. Snaydon and 
Bradshaw, op. c i t . ) . This might e:jq)lain the absence of calcium 
from plants i n the +P0|^  treatment. This interference by sodium 
has upset t h i s experiment and the plants have not responded to 
additional quantities of P0|^  as well as they might have done. 
This serves as a wsiming of the complications introduced by using 
di-sodium hydrogen phosphate as a source of phosphate. Sodium i n 
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the plants i s very low indeed i n the -PO^ ^ treatment because not 
only was phosphate missing from t h i s treatment but also sodium. 
The reduction of n i t r a t e absorption i n the absence of phosphate 
( S u t c l i f f e , op. c i t . ) i s a further hindrance to plant growth. 
The occurrence of S e s l e r i a on non calcareous s o i l s such as 
those developed on mica-schists i n other parts of the B r i t i s h 
I s l e s and on serpentine s o i l s i n Czechoslovakia i s a further 
puzzle. The cultiire studies of the Cassop Vale plants shed some 
l i g h t on the relationship of S e s l e r i a with magnesium and suggest 
that t h i s population i s a kind of half way situation between 
populations of calcareous, limestone s o i l s and those of non-
calcareous and serpentine s o i l s . 
Kruckeberg (I95l) has shown that serpentine s o i l s of the 
United States of America have a high content of magnesium, 
chromium and n i c k e l and a low content of calcium, nitrogen and 
phosphate and sometimes molybdenum. He found that the species 
Streptanthus glandulosus was usually r e s t r i c t e d to serpentine 
s o i l s but was also found on non-serpentine s o i l s . Reciprocal 
t e s t s shewed that plants from non-serpentine s o i l s did very 
badly i n serpentine s o i l s ^ ^ l e the serpentine plants grew well. 
He postulated the existance of edaphic ecotypes of t h i s plant and 
hinted that a process of biotj^ie depletion would lead eventually 
to a pure serpentine s t r a i n of S. glandulosus and the elimination 
of non-serpentine v a r i e t i e s . 
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He took t h i s study further (195^) and shewed that 
serpentine plants were adapted to very low calcium levels and were 
intolerant of the competition i n non-serpentine areas. This gave 
r i s e to population differentiation and endemisra. Walker et. a l . 
(1955) also found that serpentine plants were tolerant of low 
calcium l e v e l s because of t h e i r much greater e f f i c i e n c y i n 
absorbing the c h a r a c t e r i s t i c a l l y low amounts of t h i s ion i n 
serpentine s o i l s . They also absorbed l e s s magnesium than other 
plants. This question i s discussed i n connection iidth the results 
of the culture experiments i n the preceeding section. 
Zlatnik (op. c i t . ) , i n comparing h i s calcareous and serpen-
tine populations of S e s l e r i a , noted that plants of calcareous 
s o i l s had a high calcium content and plants of serpentine s o i l s 
had a high magnesium content, while plants of the non-calcareous 
s o i l s also had a higher potassium content than those of calcareous 
s o i l s . He concluded that calcium and magnesium were, to a certain 
extent, mutually interchangeable i n plants and played similar 
roles for which one was as good as the other. In view of his 
findings he dismissed Lowe's theory that calcium and magnesium 
l e v e l s were constant for each plant species. The present work 
p a r t l y confiims Zlatnik's findings. 
The inference i s , then, that i n the B r i t i s h I s l e s we have 
two principle edaphic ecotypes of S e s l e r i a , one on calcareous s o i l s 
and the other on serpentine or related s o i l s , i . e . a "c a l c i c o l e " 
and a "magnesicole", but we should be careful of too unequivocal an 
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application of these designations. The former i n p a r t i c u l a r i s of 
doubtful authenticity and i t s disputation i s the main concem of 
t h i s piece of research. 
Bradshaw and Snaydon (1959) shewed that the existence of 
edaphic ecotypes i s probably more widespread and common than 
previously imagined. A considerable volume of l i t e r a t u r e exists 
on t h i s problem and much of the work has been i n connection with 
the evolution of heavy metal tolerant plant v a r i e t i e s . Bradshaw 
(1952) found populations of Agrostis tenuis tolerant of con-
centrations of lead and zinc i n s o i l s of lead mine sp o i l heaps. 
Jowett (1959) confirmed these findings. Bradshaw and Snaydon 
(op. c i t . , 1959) shewed the existence of edaphic ecotypes of 
Festuca ovina but Wilkins' (1957) work on Festuca ovina and 
Deschampsia flexuosa i s perhaps the most relevant to the present 
problem. Their experiments with plants of these species from lead 
mines i n Scotland shewed that the t o x i c i t y of lead was greatly 
reduced by the presence of other s a l t s . •ThrcG parts-per million-
&i-iescdr\ia3 grea'fa3:y-redttced--by-tfae-pre3cncc of other-sal-ts. Three 
parts per m i l l i o n of lead i n a pure solution were found to be 
highly toxic to plants but i n Khopp's solution many plants shewed 
few i l l effects at concentrations of up to 25 p.p.m. of lead. I t 
was found that the calcium ion was the one that had the antagonistic 
effect to lead. Jowett (1958) supports the hypothesis that strains 
of plants r e s i s t a n t to certain minerals have some selective internal 
f i x i n g mechanism for Cu, Ni, Zn, Pb etc. such as chelation. Plants 
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would have a s p e c i f i c chelation process according to the toxic 
element i n which they are forced to grow. 
Lead mines are scattered vddely throughout the Upper 
Teesdale v a l l e y and although the Poa plants were taken from a 
more distant s i t e there were old mine workings very close to the 
main S e s l e r i a s i t e i n Teesdsile. I t seems quite credible that 
there was a f a i r l y high l e v e l of lead and zinc i n the s o i l s of 
much of the area and not j u s t at the Rowan Tree s i t e , though 
these metals would obviously be concentrated i n the s p o i l heaps 
themselves. The effect of the calcium ion concentration i n the 
s o i l i s to neutralize the t o x i c i t y of lead. This i s the only 
(as f a r as existing knowledge goes) plausible e2q)lanation of the 
greater tolerance for lead and zinc possessed by the Teesdale 
plants compared with Casspp plants. However, i t should be em-
phasised that there i s no question of proof here and t h i s i s only 
a possible hypothesis. 
One angle from which the present problem has not been studied 
i s that of s o i l reaction. This question was examined by Zlatnik 
(op. c i t . ) i n some d e t a i l . He concluded from his experiments that 
the reaction of the plant substrate was of prime importance to the 
performance of the plant. He summarized his arguments by con-
cluding that S e s l e r i a could not be called a " c a l c i c o l e " , being ti e d 
neither to a f i n i t e quantity of CaCO^, nor to a greater quantity of 
exchangeable calcium i n the s o i l than other plants. I t s natural 
distribution, he considered, was detennined i n the f i r s t instance by 
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the reaction of the s o i l , and i t s establishment, more or l e s s 
r e s t r i c t i v e l y on s o i l s of certain types was a function of com-
petition with other species. 
By culture experiments Zlatnik shewed that the growth 
curve of S e s l e r i a had i t s f i r s t maximum at pH 5.5> a minimum at 
pH 6.0 and a second maximum at pH 7-0. The true optimum seemed 
to be i n an alkaline medium, but his experimental technique pre-
cluded extension of the growth curve into the alkaline pH range. 
The neutral reaction optimum was confirmed i n the f i e l d and one 
specimen of S e s l e r i a was also found growing in an acid s o i l . 
Since the plant was r e l a t i v e l y prosperous i n reactions i n culture 
other than the optimum i t does not preclude the p o s s i b i l i t y that 
i t might grow i n s o i l s of other reactions. The almost exclusive 
appearance of S e s l e r i a i n s o i l s of optimal pH, he f e l t , could 
probably be explained by competition. 
I t i s not intended here to go into the arguments of the 
c a l c i c o l e problem i n general as they have been debated many times 
over before and i t i s f e l t that a more comprehensive account can 
be obtained by reference to some of the works cited i n the biblio-
graphic l i s t at the end of t h i s dissertation. The problem as i t 
concerns us here i s admirable summarized by Salisbury (1920): 
"In considering so-called calcicolous species 
we must therefore recognize that we are dealing with 
plants which find a suitable home on calcareous s o i l s 
without necessarily implying any obligatory associa-
tion with, or even preference for, such s o i l s apart 
from that imposed by climatic or b i o t i c factors." 
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Chapter 7. SUMART AND CONCLUSIONS 
In the B r i t i s h I s l e s we have S e s l e r i a growing on calcareous 
s o i l s but only i n the northern and extreme western regions. This 
indicates that sane other factor besides c a l c i c o l y affects the 
distribu t i o n . The geographical pattern of i t s distribution 
suggests some climatic factor; i t s calcareous locations are high 
up (cold and wet) or towards the west (high r a i n f a l l ) , but i t 
also grows i n non-calcareous s o i l s i n other areas. The inference 
i s that S e s l e r i a i s only calcicolous at the climatic l i m i t s of 
i t s range (hence i t s absence from calcareous s o i l s i n the south), 
i . e . i t i s a "marginal c a l c i c o l e " (sensu Clymo, 1962). 
An explanation which may either be alternative or supple-
mentary can be based on Zlatnik*s findings. I f the s o i l reaction 
i s c r i t i c a l to the successful establishment of S e s l e r i a i t s 
absence from the calcareous s o i l s of the south may be due to the 
more acid reaction of many of these s o i l s . J e f f e r i e s and W i l l i s 
(196ii) gave examples of s o i l s developed on Carboniferous Limestone 
i n Somerset with a pH as low as 6.1. Even i f S e s l e r i a was able 
to e stablish i t s e l f on an acid s o i l i t s success would probably be 
jeopardised by competition. Similarly, i t s exclusion from c a l -
careous s o i l s (assuming a suitable pH value) of more equable 
climatic regions may well be a function of competition. This 
theory of Sesler i a ' s relationship with s o i l reaction could only 
be proved by measuring the pH of s o i l s i n a l l the places where i t 
i s found. The question of competition would have to be solved by 
the most detailed phytosociological studies. 
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Many of the s o i l s i n Sesleria's non-calcareous habitats 
seem to be developed on substrates r i c h i n magnesium. To find 
out to what extent t h i s relationship holds true one would have 
to perform chemical analyses of s o i l s from a l l the s i t e s . The 
inference here i s that magnesium plays some c r i t i c a l role i n 
the plant's function and perfoimance. This role has been ex-
amined by culture experiments iflhich suggest that magnesium may, 
to some extent, be an alternative to calcium i n the nutrient 
dynamics of certain populations of the plant. The plants of 
these populations might therefore be called "magnesicoles". 
Possible answers to the f i r s t of the two questions posed 
i n chapter 2 (see page 6) have now been proposed. To attempt 
to answer the second question we must turn to the results of the 
studies of the two populations. 
The r e s u l t s of anatomical studies shewed marked differences 
between the two populations which were probably a function of 
climate. The Teesdale plants possess a thicker and tougher tissue 
'skeleton' which allows them to survive i n very harsh climatic 
conditions. Plants of the two populations differed somewhat i n 
t h e i r mineral relationships, the Cassop plants having a d i s t i n c t 
a f f i n i t y for magnesium while the Teesdale plants have a greater 
a f f i n i t y for calcium. Furthermore, Teesdale plants appear to 
possess a degree of tolerance to lead and zinc not displayed by 
the Cassop population. 
- 59 -
Any conclusions -we may reach from t h i s must be regarded 
as tentative, and further proof would necessitate detailed 
studies of individual aspects of the problem which were beyond 
the scope of t h i s work. Nevertheless, the indications are that 
i n Cassop Vale and Upper Teesdale we have two d i s t i n c t populations 
of S e s l e r i a belonging to different ecotypes. The grasses as a 
whole seem to be p a r t i c u l a r l y capable of a great degree of eco-
type jvariation and S e s l e r i a i s probably no exception. One must 
envisage the p o s s i b i l i t y that these two populations are very 
l o c a l i s e d ecotypes s l i g h t l y different from other populations 
elsewhere. The Cassop population may well be an edaphic ecotype 
that i s t r a n s i t i o n a l between the plants of true calcareous s o i l s 
and those of serpentine s o i l s . I t seems to be adapted to make 
good use of the r e l a t i v e l y abundant magnesium i n t h i s magnesian 
limestone s o i l i n a way which the Teesdale plants are not. 
The Teesdale population appears to be a climatic ecotype 
(based on the anatomical evidence) belonging to the 'marginal 
c a l c i c o l e ' group. I t i s adapted to the extreme climate and i s 
probably successful i n con^jetition on the calcium-rich s o i l 
because of t h i s whereas i t would be out-competed i n s i m i l a r s o i l s 
further south. Whether the apparent tolerance of heavy metals 
i s r e a l or not has not been established. I t may j u s t be that the 
effects of lead and zinc ( i f they are present) are neutralized by 
the calcium i n the s o i l . 
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To conclude, Seslerla caerulea i n the British Isles, and 
more particularly i n Upper Teesdale and Cassop Vale, does not 
seem to be a true and pure calcicole, has a more restricted 
edaphic tolerance than many other grasses and is probably sub-
ject to considerable ecotype variation. 
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